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a  b  s  t  r  a  c  t
A  Au nanoparticle–silica  aerogel  nanocomposite  was  prepared  by  the  gelling  of  a tetramethyl  orthosilicate
(TMOS)/ethanol  solution  together  with  Au  nanoparticles  and  drying  the  wet  gel in  supercritical  carbon
dioxide.  The  aerogel  nanocomposite  contained  Au  nanoparticles  at  a  concentration  of 0.268  ppm.  The
bulk density,  porosity,  and  speciﬁc  surface  area  of  the obtained  nanocomposite  were  0.126  g/cm3, 94%,ielectric properties
and  890  m2/g, respectively.  The  nanocomposite  was  reddish-violet  in  color  and  transparent,  and  had  a
relative  permittivity  of  approximately  6  with  a  dielectric  loss  of  ca.  1  ×  10−3 in the  range  of  10 MHz  to
1  GHz.
©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Aerogels are ultra-porous materials derived from gel, in which
he liquid component of the gel has been replaced with a gas. The
ain properties of aerogels are extreme low density (<0.2 g/cm3),
igh porosity (>90%), high speciﬁc surface area (150–1000 m2/g)
nd low thermal conductivity (<0.02 W/m  K) [1,2], which makes
hem suitable for applications such as heat insulators and as a cata-
yst or catalyst carrier [3,4]. In addition, the characteristic structure
f aerogels imparts unique optical properties such as transparency
nd a low refractive index.
Silica, alumina and carbon aerogels are typically well-known
erogels. Some aerogels that consist of a single functional mate-
ial have also been studied. However, it is very difﬁcult to prepare
uch a monolithic body. We  have thus considered the prepara-
ion of a variety of functional aerogels by combining functional
anoparticles and silica aerogel. We  have already reported on the
reparation of a magnetic aerogel that consists of a ferrite–silica
erogel nanocomposite [5,6], and dielectric aerogels that consist of
 BaTiO3–silica aerogel nanocomposite and a carbon–silica aerogel
anocomposite [7]. Anderson et al. also reported on various com-
osite aerogels [8–10]. They prepared colloidal Au–silica composite
erogels using silica sol as a glue, and reported the optical character-
stics; the absorption of the composite aerogels in the visible region
rises from the surface plasmon resonance of the colloidal Au. Other
esearchers have also prepared aerogels containing Au and evalu-
ted their optical properties [11,12]. However, the electrical prop-
rties of these composite aerogels have not been reported. In this
ork, Au nanoparticle–silica aerogel nanocomposites were pre-
ared and the dielectric and optical properties were investigated.
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.01.003
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produc2. Experimental procedure
The preparation process used was  the same as that previously
reported [5–7]. Tetramethyl orthosilicate (TMOS; Tokyo Chem.
Ind. Co., Ltd.), a suspension of Au nanoparticles (5 nm diameter,
0.018 ppm stabilized suspension in citrate buffer, Sigma–Aldrich
Co.), 1,1,1,3,3,3-hexamethyldisilazane (Tokyo Chem. Ind. Co., Ltd.),
NH3 aq. (28 mass% aqueous solution, Wako Pure Chem. Ind. Ltd.),
and ethanol (Wako Pure Chem. Ind. Ltd.) were used as reagents.
For the silica aerogel, the original sol was  prepared by a mixture
of 4.4 mL  TMOS/ethanol solution (TMOS/ethanol molar ratio was
1/11), 0.28 mL  deionized water, and 0.32 mL  NH3 aq. as a catalyst.
On the other hand, for the Au nanoparticle–silica aerogel nanocom-
posites, the original sol was  prepared with the addition of the Au
nanoparticle suspension instead of deionized water. The low Au
concentration in the raw suspension required the addition of a large
amount of suspension (5 mL  or 10 mL). Consequently, the silica con-
tent in the resultant sol was  diluted. The ratio of Au/(Au + SiO2)
was thus 0.268 ppm and 0.536 ppm for the addition of 5 mL  and
10 mL,  respectively. The obtained sol was poured into resin molds
(5 mm  diameter, 5 mm deep and 20 mm diameter and 3 mm deep),
where the sol gelled after approximately 30 min. The obtained wet
gel was  aged in ethanol for 2 h at 50 ◦C. The aging treatment was
repeated ﬁve times with fresh ethanol used each time. The wet gel
was then reﬂuxed for 24 h at 110 ◦C in 1.3 mol/L hexamethyldisi-
lazane/toluene solution as a hydrophobic treatment to prevent the
absorption of moisture, which resulted in high transparency. After
cooling, the toluene inside the wet gel was  replaced with ethanol.
The wet gel was then treated by the supercritical drying using car-
bon dioxide, which resulted in the Au nanoparticle–silica aerogel
nanocomposite.
The bulk density, porosity and shrinkage of the aerogel
nanocomposite sample were calculated from size and weight
tion and hosting by Elsevier B.V. All rights reserved.
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aig. 1. Appearance of (a) the Au nanoparticle–silica aerogel nanocomposite and (b)
ilica aerogel.
easurements. The speciﬁc surface area was measured using the
runauer–Emmet–Teller (BET) method [13]. The pore size dis-
ribution was measured using the Barrett–Joyner–Halenda (BJH)
ethod [14] with a volumetric nitrogen gas adsorption apparatus
Bell Japan, Inc., BELSORP-max) for the mesopore region, and with a
ercury intrusion porosimeter (Thermo Fisher Scientiﬁc Inc., PAS-
AL 140/240) for the macropore region. The microstructure was
bserved using ﬁeld emission-scanning electron microscopy (FE-
EM; Jeol Ltd., JSM-7000F) and transmission electron microscopy
TEM; Jeol Ltd., JEM-2100). The composition was analyzed using
nergy-dispersive X-ray spectroscopy (EDX; Jeol Ltd., JED-2300F
nd JED-2300). The optical properties were measured in the range
f 200–1600 nm with an ultraviolet–visible–near-infrared spec-
rophotometer (UV–vis–NIR; Hitachi High-Technologies Corp.,
-4100) in the range of 400–650 nm with 345 nm excitation using
 ﬂuorescence spectrophotometer (Jasco CO., FP-6500). The dielec-
ric properties were measured in the range of 10 MHz to 1 GHz
ith a RF impedance/material analyzer (Agilent Technologies Ltd.,
4991A).
. Results and discussion
.1. Characteristics of Au nanoparticle–silica aerogel
anocomposite
When 10 mL  of the Au nanoparticle suspension was added
o the sol, gelation did not occur even after aging in ethanol
or 1 day. In contrast, satisfactory gelation was  achieved with
he addition of 5 mL  Au nanoparticle suspension, although the
el did shrink slightly during supercritical drying. Fig. 1 shows
ppearance of (a) the Au nanoparticle-silica aerogel nanocompos-
te and (b) silica aerogel. Table 1 shows some properties of the Au
anoparticle–silica aerogel nanocomposite and the silica aerogel.
espite the large shrinkage of the nanocomposite aerogel, the bulk
ensity and porosity were almost the same as the silica aerogel,
hile the speciﬁc surface area was larger than that of silica aerogel,
ecause the silica concentration was lowered by the addition of the
u nanoparticle suspension. Therefore, the Au nanoparticle–silica
able 1
ome properties of the Au nanoparticles–silica aerogel nanocomposite and the silica
erogel.
Au nanocomposite Silica aerogel
Bulk density (g/cm3) 0.126 0.126
Porosity (%) 94 94
Shrinkage (%) 23.5 10.4
Speciﬁc surface area (m2/g) 890 710Fig. 2. Pore size distribution for the silica aerogel and Au nanoparticle–silica aerogel
nanocomposite.
aerogel nanocomposite completely maintained the characteristics
of the silica aerogel.
Fig. 2(a) shows that the median macropore size was around
2 m both for the silica aerogel and the aerogel nanocompos-
ite, although the peak macropore size for the nanocomposite was
slightly larger than that for the silica aerogel. Mercury intrusion
may  exert a compressive force on the aerogel sample, which results
in a signiﬁcant decreased volume and a diminishment of the pore
size. It should be noted that the silica aerogel sample was collapsed
after measurement up to 200 MPa  with the mercury porosimeter.
According to Majling, the deformation is linear and elastic up to
2.5 MPa  and further increase in pressure causes a positive devia-
tion from linearity [15]. This means that the silica aerogel structure
is expected to collapse at higher than 2.5 MPa. In the present study,
the silica aerogel sample barely contracted up to 2 MPa, which
corresponded to a pore size of ca. 0.7 m.  Consequently, it was
considered that the macropore size of around 2 m was  a reliable
value. The median mesopore size was ca. 10 nm both for the sil-
ica aerogel and the aerogel nanocomposite, as shown in Fig. 2(b).
However, there were some peaks in the smaller pore size region
for the nanocomposite. These small mesopores were considered
to be the reason for the larger speciﬁc surface area of the aerogel
nanocomposite than that of the silica aerogel.
Fig. 3 shows SEM images of the silica aerogel and the
Au nanoparticle–silica aerogel nanocomposite. The silica aero-
gel consisted of ca. 50 nm diameter nanoparticles, while the
nanocomposite consisted of ca. 100 nm diameter nanoparticles. The
nanoparticles are connected together three-dimensionally to form
a skeletal network structure that appears as chains of particles sur-
rounding a pore. The pore size was  ca. 1 m for the silica aerogel
and ca. 2 m for the aerogel nanocomposite, which is almost in
accordance with the median macropore size shown in Fig. 2(a). The
Au nanoparticles in the aerogel nanocomposite were not clearly
Letter / Journal of Asian Ceramic Societies 3 (2015) 151–155 153
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etected by EDX elemental mapping for Au, because of the very
mall amount of Au nanoparticles in the aerogel nanocomposite.
Fig. 4 shows TEM images of the silica aerogel and the Au
anoparticle–silica aerogel nanocomposite. Both the silica aero-
el and the aerogel nanocomposite consist of nanoparticles with
iameter of 10 nm or less that connected together to form a three-
imensional skeletal network structure, as shown in Fig. 4(a) and
b). The size of the pores surrounded by the nanoparticles in the
keletal network structure was ca. 10–20 nm on average, which
s in good agreement with the pore size shown in Fig. 2(b). It was
onsidered that these nanoparticles were the primary particles and
hat the nanoparticles in the SEM images were secondary particle
ggregates composed of primary particles. Au nanoparticles with
iameter of ca. 5 nm in the aerogel nanocomposite coagulated to
ig. 4. TEM images of (a) silica aerogel and (b) Au nanoparticle–silica aerogel nanocompo
o  Cu mesh used for sample preparation.u nanoparticle–silica aerogel nanocomposite.
form clusters, as shown in Fig. 4(b) and conﬁrmed by EDX elemental
analysis. In addition, the skeletal network structure of the aerogel
nanocomposite was  partially aggregated. It is considered that this
partial aggregation of the network resulted in the peaks for smaller
mesopores, as shown in Fig. 2(b).
3.2. Optical properties of Au nanoparticle–silica aerogel
nanocomposite
Fig. 5 shows the optical properties of the silica aerogel and the
Au nanoparticle–silica aerogel nanocomposite. The silica aerogel
showed a very high optical transmittance of 90% or more in the NIR
region, as shown by Fig. 5(a), although a slight absorption by OH
was observed at around 1400 nm [16]. The optical transmittance of
site and EDX elemental analysis for the nanocomposite, where Cu peaks were due
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larger relative permittivity in spite of the quantity of extremely lit-
tle addition of Au nanoparticles, where the plasmon resonance of
Au nanoparticles should contribute to a greater extent.Fig. 5. (a) Optical transmittance and (b) photoluminescence spectra
he silica aerogel decreased by Rayleigh scattering of minute par-
icles toward the UV region [17]. In contrast, although the optical
ransmittance of the aerogel nanocomposite was almost the same
s that for the silica aerogel in the NIR region, it decreased toward
he visible region. Moreover, the absorption due to the surface plas-
on  resonance of Au nanoparticles was observed at around 530 nm
2,18]. The absorption of this green light caused the reddish-violet
olor of the sample, which is the complementary color, as shown
n Fig. 1(a).
The photoluminescence spectrum shown in Fig. 5(b) has a
road peak that indicates white light in the visible region and was
bserved both in the silica aerogel and the aerogel nanocomposite
19]. Moreover, a ﬂuorescence peak due to the Au nanoclusters was
bserved at 440 nm for the aerogel nanocomposite [20], although
he Au content was very small. From both the optical transmittance
nd photoluminescence results, it was concluded that the charac-
eristics of Au nanoparticles were completely maintained in the
erogel nanocomposite.
.3. Dielectric properties of Au nanoparticle–silica aerogel
anocomposites
Recently, conductor–insulator composites have been studied as
ielectrics in developing the percolation theory [21–23]. Enhance-
ent of permittivity below the percolation threshold has been
bserved in polymeric composites ﬁlled with conductive particles,
uch as metal or carbon [24–27]. We  have also reported on the
ermittivity enhancement of silica aerogel by loading with car-
on nanoparticles [7], where a carbon–silica aerogel composite
howed a relative permittivity of ca. 6 and a dielectric loss of ca.
.02 in the range of 10 MHz  to 1 GHz. Fig. 6 shows that the Au
anoparticle–silica aerogel nanocomposite has a higher relative
ermittivity of ca. 6 compared with that for silica aerogel at ca.
.3. However, the dielectric loss was low at ca. 1 × 10−3, as was
hat for the silica aerogel, which was different from that achieved
y the same approach with the carbon–silica aerogel nanocom-
osite. In the carbon–silica aerogel nanocomposite, the size of the
arbon nanoparticles was ca. 20–50 nm and the ratio of C/(C + SiO2)e silica aerogel and Au nanoparticles–silica aerogel nanocomposite.
was ca. 5 wt%  (5000 ppm). In contrast, the Au nanoparticle–silica
aerogel nanocomposite had a much smaller amount of nanopar-
ticles with much smaller size. Consequently, it is considered that
the Au nanoparticle–silica aerogel nanocomposite could exhibit aFig. 6. (a) Relative permittivity and (b) dielectric loss for the silica aerogel, Au
nanoparticle–silica aerogel nanocomposite, and a carbon–silica aerogel nanocom-
posite [7].
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. Conclusions
An aerogel nanocomposite was prepared by a supercritical dry-
ng process from a mixture of Au nanoparticles and silica sol.
he obtained Au nanoparticle–silica aerogel nanocomposite had
 three-dimensional skeletal network structure with macropores
f ca. 2 m and mesopores of ca. 10 nm.  In this structure, the Au
anoparticles of ca. 5 nm in diameter coagulated to form clusters.
he bulk density, porosity, and the BET speciﬁc surface area of the
anocomposite were 0.126 g/cm3, 94%, and 890 m2/g, respectively.
hese values demonstrate that the characteristics of the original
erogel are maintained in the nanocomposite.
The nanocomposite was transparent and reddish-violet in color,
hich was due to the absorption at around 530 nm by the plas-
on resonance of Au nanoparticles. In addition, the ﬂuorescence
pectrum showed a peak at 440 nm due to the Au nanoparticles.
hus, the optical characteristics of the Au nanoparticles were main-
ained in the aerogel nanocomposite. The nanocomposite exhibited
 higher relative permittivity, despite the small amount of Au
anoparticles. The Au nanoparticle–silica aerogel nanocomposite
s expected to be applied as an ultra-light transparent dielectric
aterial.
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